Abstract
Introduction

1
The localization of endogenous proteins in native settings is fundamental for quantitative 2 spatiotemporal understanding of cellular homeostasis and dysfunction. Here, live-cell imaging is 3 highly desired to visualize timely-balanced protein networks, avoiding contingent artifacts by 4 fixation or permeabilization procedures.
1 In this regard, genetic fusion of fluorescent proteins (FPs) 5 enabled the visualization of proteins of interest (POIs).
2 However, the fusion to FPs or other bulky 6 enzyme-based tags (e.g. SNAP f tag) 3 can provoke protein misassembly, mistargeting, and 7 overexpression artifacts. 4 Alternatively, antibodies and recombinant binders are prominent tools 8 to trace proteins. [5] [6] [7] [8] Yet, targeting with conventional antibodies is limited to fixed cells since their 9 disulfide bonds are reduced in the cytosol. To overcome this downside, antibody fragments have 10 been developed for protein targeting.
9,10 For in-cell labeling of endogenous proteins, the binder 11 must fulfill several demands: high affinity and specificity to its target, long-term stability in the 12 reducing milieu of the cytosol, and small size avoiding interference with the POI's function. In this 13 light, the variable domains of heavy-chain only antibodies (V H Hs) of camelids, named nanobodies, 14 are prime candidates.
11,12 They bind with nanomolar or even picomolar affinities to their targets, 15 are very small in size (~ 13 kDa), exhibit great solubility, and can be functionally produced in the 16 reducing cytosolic milieu of mammalian cells. Nanobodies fused to fluorescent proteins 17 (chromobodies) have been used to trace various POIs. [12] [13] [14] [15] [16] [17] [18] Recently, a chromobody has been 18 developed for actin labeling in the cytosol and nucleus of mammalian cells, 19 surpassing common 19 techniques such as LifeAct by minimizing interference with actin dynamics. 20 Nonetheless, 20 visualization of intracellular proteins is still impeded because fused FPs triple the size of the 21 nanobody and FPs entail suboptimal photophysical properties for super-resolution microscopy. 22
An additional drawback of chromobodies is that their expression level cannot be precisely 23 controlled, evoking high background and deteriorated signal-to-background staining, which in turn 24 makes the observation of low abundant proteins and in particular super-resolution microscopy 25 very difficult or impossible. As recently demonstrated, nanobodies directed against FPs were 26
Live-cell protein labeling at nanomolar fluorobody concentrations 1
Once the specificity in fixed cells was proven, we aimed at live-cell protein labeling. For the fast 2 and efficient Fb transfer, we made use of high-throughput, microfluidic cell squeezing. Here, 3 transient pore formation of the plasma membrane is induced by forcing cells through micrometer 4 constrictions of microfluidic devices (Figure 2 -Supplement Figure 1) . This approach has shown 5 to bypass endosomal uptake and offered precise control of the transduced cargo concentration 6 combined with high-throughput delivery (1,000,000 cells/s) and minimal cytotoxicity (< 10%). Here, a high signal-to-background labeling is impaired in cells with high expression 26 levels of chromobodies, while very low levels entail high sensitivity to photobleaching. These 1 drawbacks were successfully abolished by microfluidic Fb transfer. To test the long-term stability 2 and persistence of Fb labeling, cells were imaged 20 h after transduction. Remarkably, the POIs 3 were still decorated by α-GFP Fbs, highlighting their long-term specificity and in-cell robustness 4 (Figure 2 -Supplement Figure 2 ). Over time, however, cytosolic punctae and a higher 5 background signal were detected, indicating incipient Fb degradation. Collectively, the adaptive, 6
fine-tuned intracellular delivery of Fbs by cell squeezing promoted low-background labeling of 7 genetically tagged proteins. α-Lamin-EGFP chromobody, decoration of the nuclear lamina was accompanied with high 18 background staining and cytosolic punctae, presumably due to saturation of the targeting 19 machinery (Figure 3 -Supplement Figure 2) . Contrarily, specific decoration of endogenous 20 lamin with a concomitant negligible background was visualized 3 h after cell squeezing utilizing 21 the α-Lamin ATTO655 Fb (Figure 3a) . To the best of our knowledge this constitutes the first labeling 22 of an endogenous protein inside living cells by Fbs. Notably, even 20 h after cell squeezing, 23 labeling of the nuclear lamina was still persistent. Nevertheless, higher background, mainly as 24 cytosolic punctae, was observed ( Encouraged by these results, we performed multi-color live-cell labeling by combining both 9 binders. 3D mapping of cell topology via multiplexed imaging revealed simultaneous and specific 10 decoration of the nuclear lamina (Figure 3d , red) and vimentin filaments (Figure 3d, green) at 11 endogenous level, hardly realized by multiple knock-ins utilizing the CRISPR/Cas9 technology. 12
The spatial distinct distribution allowed discriminating between both structures by live-cell 13 immunofluorescence imaging. In combination with their precisely adjusted delivery by cell 14 squeezing, the small Fbs, site-specifically labeled with minimal and bright fluorescent dyes 15 (≤ 1 nm) provides an excellent showcase for live-cell super-resolution microscopy. Consequently, 16 α-Lamin ATTO655 Fb transduced cells were subjected to direct stochastic optical reconstruction 17 microscopy (dSTORM). 28 We obtained images of the endogenous nuclear lamina in living cells 18 with an average resolution of ~ 55 nm (localization precision of 23.4 ± 8.3 nm; Figure 3e ) and 19 significantly increased contrast compared to wide-field imaging (Figure 3f) . Strikingly, dSTORM 20 analysis of α-Lamin ATTO655 Fb in fixed cells yielded virtually identical average localization precision, 21 but an increased signal-to-background-ratio was obtained in living cells, devoid of fixation artifacts 22 (Figure 3 -Supplement Figure 5) . 23
Discussion
1
In general, the much lower level of endogenous proteins makes their specific and low-background 2 tracing very challenging. To circumvent this constrain, we established a method for live-cell 3 visualization of endogenous proteins at nanometer resolution and with minimal disturbance and 4 high reproducibility (n ≥ 3 for every POI). This robust and generic technique is versatile in the 5 choice of the nanobody and bright organic fluorophore and allows for low-background tracing of 6 high as well as low abundant native protein networks in living cells. In case of our selected target 7 structures, Fb decoration was persistent for several hours after Fb transfer. However, increased 8 background after 20 h suggests that long-term protein tracing can be affected. This obstacle is 9 experimentally manageable, depending on the turnover rate of the POI as well as the rate of cell 10 division. Alternative approaches to tag endogenous proteins such as the generation of stable cell 11 lines utilizing e.g. CRISPR/Cas9 for low chromobody levels are highly promising, yet very labor-12 intensive and hardly realizable for multiple knock-ins. Volkswagen Foundation (A117158 to M.H., R.W., and R.T.) supported this work. We thank Dr. 8
Eric Geertsma (Goethe University Frankfurt, Germany) for providing the sequence coding for the 9 α-GFP nanobody and helpful discussions. We thank Dr. Heinrich Leonhardt (LMU Munich, 10
Germany) for generously providing the plasmid coding for α-Lamin-EGFP. Sci 20, 448-455 (1995 
Plasmid construction 3
For expression in E. coli, the α-GFP nanobody, 26 equipped with a C-terminal His 6 -tag for 4 purification via metal ion affinity chromatography, was inserted into the pET21a(+) plasmid. For 5 site-specific labeling, a free single cysteine was introduced C-terminally to the His 6 -tag. The α-GFP 6 nanobody was PCR amplified by the following primers: fw 5'-GCGCGCAAGCTTAAGG 7 AGATATACATATGCAGGTTCAGCTGGTTGAAAGCGGTGGTGCAC-3' (Hind III restriction site 8 underlined, RBS italic, start codon bold); rev 5'-GCGCCTCGAGGTCAGCAGTGGTGATGG 9 TGATGATGGCTGCTAACGGTAACCTGGGTGCCC-3' (XhoI restriction site underlined, stop 10 codon bold, cysteine bold and underlined, His 6 -tag italic). For expression in mammalian cells, 11 α-GFP as well as mCherry were PCR amplified and introduced into the pcDNA3.1(+) plasmid, 12 resulting in a plasmid coding for α-GFP mCherry . fw 5'-GCGCGCGCTAGCACCATGCAGGTTCA 13 GCTGGTTGAAAGCGG-3' (NheI restriction site underlined, start codon bold) and rev 14 
Nanobody production 18
The nanobodies were produced in E. coli BL21 (DE3, Life technologies) or E. coli SHuffle T7 19 Express (New England Biolabs), whereas the latter contains a chromosomal copy of a disulfide 20 isomerase, engineered to produce proteins with disulfide bonds in the cytosol. Both E. coli strains 21
were transformed with the vectors, coding for α-GFP and α-Lamin nanobodies with engineered 22 cysteines. A single colony was inoculated in LB medium containing 100 µg/ml ampicillin and 23 2% (w/v) glucose. After overnight incubation (37 °C for E. coli BL21 (DE3) and 30 °C for E. coli 24 SHuffle T7 Express, 180 rpm), 1 l Lysogeny Broth (LB) medium with 100 µg/ml ampicillin was 25 inoculated and protein expression was induced at A 600 of 0.7-0.8 by 1 mM isopropyl-β-26 thiogalactopyranoside (IPTG, Sigma-Aldrich) and conducted for 5-20 h (30 °C, 180 rpm). After 1 centrifugation (20 min, 4°C, 5,000x g), the cell pellets were directly used for protein purification or 2 stored at -20 °C. 3 4
Protein purification 5
Two different protocols were used for purification. For α-GFP His6-Cys and α-Lamin His6-Cys expressed 6 in E. coli BL21 (DE3), cell pellets were resuspended in lysis buffer (20 mM Tris pH 8.0, 7 100 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM β-mercaptoethanol (β-ME)), 8
followed by sonication for cell lysis. Cell debris were pelleted by ultracentrifugation (100,000x g, 9 30 min, 4 °C). For metal affinity chromatography, the supernatant was incubated with 3 ml Ni-NTA 10 Sepharose beads (GE Healthcare) in the presence of imidazole (15 mM). Afterwards, the beads 11 were washed in purification buffer (50 mM Tris pH 8.0, 300 mM NaCl, 50 mM imidazole, 0.5 mM 12 β-ME). His-tagged proteins were eluted by 200 mM imidazole/purification buffer. Protein 13 concentration was determined at A 280 . Buffer exchange to phosphate-buffered saline (PBS) 14 containing 0.5 mM β-ME by Zeba spin desalting columns (7K) was followed by concentration via 15
Amicon Ultra Filters (3 K). β-ME was directly removed before labeling the nanobodies using Zeba 16 spin desalting columns (7K). Alternatively, nanobodies expressed in E. coli T7 Express were 17 purified as described above, but at pH 7.5 and without β-ME. 18
19
Protein modification 20
Fluorescent dyes were either attached to the engineered cysteines or to lysines (only for 21
α-Lamin
His6-Cys ). The engineered cysteines of nanobodies stored in PBS without β-ME were 22 reduced by incubation with 15 mM TCEP for 10 min on ice and subsequent buffer exchange by 23
Zeba spin desalting columns (7K). Cysteine labeling was conducted following two different 24
protocols. On the one hand, nanobodies were incubated with sulfo-Cy5 (sCy5) or sulfo-Cy3 (sCy3) 25 maleimide in PBS (pH 7.4) for 1.5 h at 4 °C. Labeling was conducted at a protein concentration of 1 approximately 1 mg/ml with 1.2-fold molar excess of the dye. For the alternative labeling protocol, 2 buffer was exchanged to maleimide labeling buffer after TCEP reduction (100 mM KH 2 PO 4 pH 6.4, 3 150 mM NaCl, 1 mM EDTA, 250 mM sucrose). Afterwards, the fluorophore was added in a 1.2-4 fold molar excess, immediately followed by neutralization to pH 7.5 using K 2 HPO 4 and 1.5 h 5 incubation at 4 °C. For lysine labeling, nanobodies in PBS (pH 7.4) were mixed 1:20 with 0.1 mM 6 NaHCO 3 (pH 9.0) to achieve pH 8.3 for labeling. Next, Alexa647 NHS ester was added with a 7 5-fold molar excess. Labeling was performed for 1 h at 20 °C before buffer exchange and removal 8 of excess dye with Zeba spin desalting columns (7K, Thermo Scientific). Fluorescently labeled 9 nanobodies were analyzed by SDS-PAGE and in-gel fluorescence (Typhoon 9400 Imager; l ex/em 10 630/670 nm). Fbs were finally purified by size-exclusion chromatography in PBS using a 11 KW404-4F column (Shodex; flow rate 0.3 ml/min). All labeled nanobodies were stored in PBS at 12 4 °C. The nanobody-to-fluorophore ratio was determined using absorption (A 280 for nanobodies, 13 emission was recorded using an EMCCD camera (IxonUltra, Andor) with frame-transfer mode, 1x 21 pre-amplifier gain and EM gain set to 200. For every sample, 40,000 images were recorded at a 22 frame rate of 33 Hz. Image reconstruction was performed with rapidSTORM 33 using the smooth 23 by differences of averages option with a signal-to-noise ratio of 20, fitting only PSFs with FWHM 24 ranging from 240-520 nm and X-Y-ratio of 0.7-1.3. The average localization precision (σ loc ) defined 25 as the nearest neighbor distance in adjacent frames 34 was calculated to 23.4 ± 8.3 nm for living 26 and 23.2 ± 4.6 nm for fixed cells (mean and standard deviation of three individually analyzed cells, 1 respectively) using LAMA software.
35
The average image used for visualization of nuclear 2 intensity profiles in Figure 3f was generated by averaging the fluorescence intensity over 100 3 frames and subsequent background subtraction with a rolling ball method (20 pixel radius) in 4 ImageJ and Fiji. 5 6
Data availability 7
The datasets generated during and/or analyzed during the current study are available from the 8 corresponding author on reasonable request. production in E. coli BL21/DE3 (a) or E. coli T7 SHuffle Express (b) and affinity purification, the 6 engineered nanobodies were modified with maleimide sCy5 or ATTO655. Stochastic labeling via 7 lysines exposed on the nanobody surface was conducted with NHS Alexa647. The specificity of 8 these Fbs was evaluated by staining of HeLa Kyoto cells (500 nM) after fixation and 9 permeabilization. Fb target specificity was analyzed by CLSM. For the CT-Cys labeled, S9C 10 labeled and Lys labeled Fbs a severe lack in target specificity was observed. After production in 11 E. coli T7 SHuffle Express and subsequent modification of the N-terminal cysteine in maleimide 12 labeling buffer (MLB), specific tracing of endogenous lamin was achieved with greatly enhanced 13 signal-to-background ratio. This Fb format was used for all further experiments. Scale bars: 20 µm. 
